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We study the spectral signatures and coherence properties of radiofrequency dressed hyperfine
Zeeman sub-levels of 87Rb. Experimentally, we engineer combinations of static and RF magnetic
fields to modify the response of the atomic spin states to environmental magnetic field noise. We
demonstrate analytically and experimentally the existence of “magic” dressing conditions where
decoherence due to electromagnetic field noise is strongly suppressed. Building upon this result,
we propose a bi-chromatic dressing configuration that reduces the global sensitivity of the atomic
ground states to low-frequency noise, and enables the simultaneous protection of multiple transitions
between the two ground hyperfine manifolds of atomic alkali species. Our methods produce protected
transitions between any pair of hyperfine sub-levels at arbitrary (low) DC-magnetic fields.
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I. INTRODUCTION
The sensitivity to environmental field fluctuations of
atomic transitions in quantum systems represents a ma-
jor challenge for improving the accuracy and reliability of
applications such as atomic clocks [1], low-frequency field
sensing [2], and quantum memories [3] and information
processors [4–6]. The sensitivity problem arises since,
typically, the transition frequency between pairs of quan-
tum states is affected by temporal and spatial variations
of the electromagnetic environment, which results in a
rapid dephasing of the system’s wavefunction. The ubiq-
uity of this problem, identified in ultracold atomic ensem-
bles [7], superconducting devices [8], nitrogen-vacancy
centres in diamond [9] and doped silicon [10], has driven
the development of various flavours of dynamical coher-
ent control (pulsed [11], concatenated [12] and continuous
[13, 14]) that isolate such systems from unwanted noise
sources, and improve their coherence time by several or-
ders of magnitude [15]. In atomic systems, in particular,
reduction of the frequency broadening can be achieved
by applying electromagnetic fields (DC magnetic field
[16, 17], microwaves [18], radio-frequency [19], optical ra-
diation [20]) tuned to suppress the differential Zeeman
or Stark energy shifts between selected pairs of states
(clock/qubit states), which, effectively, protects the tran-
sition frequency against field fluctuations.
Here we demonstrate the control of the magnetic field
sensitivity of the electronic ground state of 87Rb, dressed
by a radiofrequency magnetic field. The dressing is
achieved by applying an oscillating magnetic field, BRF,
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with frequency, ωRF, close to the Larmor frequency (or
Zeeman splitting) and controlled by an applied static
magnetic field, BDC. We use microwave spectroscopy
[21, 22] to determine the energy difference and line-width
of transitions between dressed states [23, 24], and study
their dependence with respect to the dressing configura-
tion. We observe that, in general, for any pair of dressed
states there is a dressing condition for which the atoms
decouple from fluctuations of the static field, which re-
sults in a significant reduction of the line broadening. In
our setup, using a linearly polarised RF dressing field,
we find that the broadening of dressed transitions lines
(∼ 0.1 kHz) is one order of magnitude smaller than that
of equivalent bare transitions (∼ 1.0 kHz), limited mainly
by amplitude noise of our RF generator [25]. We also find
that the optimal dressing condition (i.e. that with re-
duced magnetic field sensitivity) depends on the selected
pair of dressed states as a result of the difference of the
gyromagnetic factors of the two electronic ground state
hyperfine manifolds, non-linear Zeeman shifts [26] and
Bloch-Siegert shift effects [27].
While the majority of existing techniques for noise sup-
pression focuses on qubit and clock applications, there is
growing interest in manipulating qudit systems in atomic
[28, 29] and solid-state [30] platforms, which requires the
control of d internal states [31–33]. In this paper, we
propose a dressing scheme that reduces the sensitivity of
all possible hyperfine transitions in the electronic ground
state of 87Rb. Our scheme exploits the possibility of ad-
dressing independently each hyperfine manifold by tun-
ing the frequency of each circular component (σ±) of the
dressing field [34].
As a figure of merit in the improvement in the stabil-
ity against low-frequency noise, and thus of the atomic
resilience to decoherence [35, 36], we evaluate the root-
mean-square average of the first derivative of the atomic
transitions frequencies with respect to static field, 〈αDC〉
(see Sec. IV). Using the Rotating Wave Approximation
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2(RWA) and neglecting the quadratic Zeeman shift, we
found a first estimate of the ratio between the σ± fre-
quencies that minimises 〈αDC〉. This optimal condition
should be corrected to take into account effects from non-
linear Zeeman and Bloch-Siegert shifts, which we explain
qualitatively and evaluate numerically. We found that,
although it is not possible to fully cancel the influence of
magnetic field fluctuations for all transitions, our scheme
defines dressed states with a magnetic sensitivity smaller
than that possible with bare and single frequency dressed
atoms. This scheme can be used to improve the robust-
ness of qudits encoded in the electronic ground state of
alkali atoms, for which control protocols have been re-
cently demonstrated using microwave pulses [28, 37].
The structure of this paper is as follows. Section II re-
views the formalism we use to define the basis of dressed
states. In section III we present experimental results
for the dependence of the transition frequencies between
dressed states with respect to the applied static magnetic
field, which reflects into a dependence of the linewidth
and decoherence. Following this, in section IV we pro-
pose a bichromatic dressing configuration that leads to
an overall reduction of the magnetic sensitivity (on av-
erage) of all possible transitions between dressed states.
The closing section (V) presents the conclusions of our
work.
II. RF-DRESSING OF THE GROUND STATE
MANIFOLD OF ALKALI ATOMS
The internal dynamics of an alkali atom in its elec-
tronic ground state interacting with a magnetic field,
B(t), are governed by the Hamiltonian:
H(t) =
A
~2
I · J + µB
~
(gII + gJJ) ·B(t) (1)
where A is the hyperfine coupling, µB is the Bohr mag-
neton and the factors gI and gJ are the nuclear (I) and
electronic (J) Lande´ g-factors, with corresponding angu-
lar momentum operators I and J . The coupling between
nuclear and electronic magnetic momenta defines two hy-
perfine manifolds (given J = 1/2) with different total
angular momentum, F = I ± 1/2, which are split by an
energy gap of ~ωhfs = A (I + 1/2). This splitting defines
a natural basis of states to describe the atomic dynam-
ics, labelled by the total angular momentum (F ) and its
projection along a quantisation axis (m), {|F,m〉}.
Here we study RF-dressed atoms of 87Rb prepared by
the magnetic field:
B(t) = BDC eˆz +
∑
i∈{x,y,z}
BRF,i cos(ωRFt+ φi)eˆi (2)
where the quantisation axis z is defined along the direc-
tion of the static field BDC.
The dressed basis is defined as the set of solutions of
the Schro¨dinger equation resulting from Eqs. (1) and (2),
with the form:
|ΨFm¯〉 = e−iE¯F,m¯t/~ |F, m¯〉 (3)
where E¯F,m¯ is the corresponding dressed energy [38]. The
ket on the right hand side of Eq. (3) is a time-periodic
linear combination of the bare states, which can be ex-
pressed as the Fourier series:
|F, m¯〉 =
∑
m
∑
n
Unm,m¯e
inωRFt |F,m〉 (4)
The existence of this solution of the Schro¨dinger equation
is guaranteed by the Floquet-Bloch theorem [39].
In our experiments, see Sec. III, we transform the
eigenstates of the static Hamiltonian, {|F,m〉} into the
dressed states {|F, m¯〉}, by adiabatically varying the DC
and RF fields until reaching a final dressing configuration.
We achieve high fidelity transformations from the bare
to the dressed basis by defining temporal trajectories of
the field configuration that avoid the degeneracy of the
dressed energies {E¯F,m¯} [39]. Furthermore, the absence
of level crossings during the switch-over to the dressed
basis allows us to establish a one-to-one correspondence
between the bare and the dressed basis, such that we can
use the same set of quantum numbers for labelling the
two bases.
In the limit of weak dressing and linear Zeeman shift,
the Fourier coefficients in Eq. (4) can be approximated
using the Rotating Wave Approximation (RWA) with the
dressed energy [40] (see appendix A):
E¯F,m¯ = EF+
gF
|gF |m¯
√
(~ω0 − ~ωsgn(gF )RF )2 + 2
∣∣∣~Ωsgn(gF )RF ∣∣∣2
(5)
where EF = A(F (F + 1)− I(I + 1)− J(J + 1))/2, ω0 =
|µBgFBDC/~| the Larmor angular frequency, ωsgn(gF )RF de-
notes the rotating frequency of the σsgn(gF )-polar com-
ponent of the RF field, defined with respect to the local
direction of the static magnetic field (z−axis), and the
Rabi coupling:
Ω
sgn(gF )
RF =
µBgF
23/2~
(−sgn(gF )BRF,xe−iφx + iBRF,ye−iφy)
(6)
with sgn(gF ) ∈ {+1,−1}.
The general definition of the dressed states, |F, m¯〉 as
the Fourier series in Eq. (4) allows us to calculate correc-
tions to the RWA and include the full dependence of the
Zeeman shifts with the static magnetic field. This for-
mulation can be extended to the case of polychromatic
dressing with N inconmensurable frequencies, using the
multidimensional Fourier decomposition of the dressed
state:
〈F,m| F, m¯〉 =
∑
~n
U~nm,m¯e
i~n·~ωt (7)
where the N -dimensional vectors ~ω = (ω1, ω2, ...ωN ) and
~n ∈ ZN [41]. We apply this formalism in Sec. IV to eval-
uate the dressed energies when applying a bichromatic
RF field.
3A. Resonant condition in RF-dressed states
In the experiments described in Sec. III, we perform
microwave spectroscopy of the dressed atoms by apply-
ing a short and weak MW pulse to the dressed ensemble,
followed by the detection of the fraction of atoms remain-
ing in (and transferred to) the initial (the final) hyperfine
manifold [22].
To calculate the response of the dressed atom to this
pulse, we should express the MW coupling in the dressed
basis, using the transformation rule:
H¯MW = U
†
F (t)HMWUF (t) (8)
where HMW is the atomic coupling to the microwave field
expressed in the basis of Zeeman states (see Eq. (1)),
and UF (t) is the unitary time-dependent transformation
defined in Eq. (4).
The harmonic components of UF (t) combine with the
oscillation of the MW field, to produce a resonant con-
dition for transitions between dressed states, |F, m¯〉 ↔
|F ′, m¯′〉:
ωMW = nωRF + ωm¯′,m¯ (9)
with n ∈ Z and the transition angular frequency:
ωm¯′,m¯ =
E¯F ′,m¯′ − E¯F,m¯
~
(10)
where the dressed energy E¯F,m¯ is defined in Eq. (3).
Using the Rotating Wave Approximation and consid-
ering near-resonant RF dressing, this resonant condition
becomes (see Appendix A):
ωMW = nωRF + ωhfs +
gF+1
|gF+1|m¯
′√2|Ω+RF| −
gF
|gF |m¯
√
2|Ω−RF|+
(
gF+1
|gF+1|
m¯′
|Ω+RF|
− gF|gF |
m¯
|Ω−RF|
)
ω2RF
23/2
−
(
m¯′gF+1
|Ω+RF|
− m¯gF|Ω−RF|
)
ωRF
µBBDC√
2~
+
1
23/2
[
gF+1
|gF+1|
m¯′g2F+1
|Ω+RF|
− gF|gF |
m¯g2F
|Ω−RF|
](
µBBDC
~
)2
(11)
where ωhfs = (I + 1/2)A/~ is the hyperfine splitting.
Experimentally, we scan the MW frequency and deter-
mine the resonant condition as a function of the static
magnetic field BDC. Thus, we determine the energy
difference between dressed states ~ωm¯′,m¯ = (E¯F ′,m¯′ −
E¯F,m¯), observing a quadratic dependence of which we
give details below.
III. SPECTROSCOPY AND PROTECTION OF
RF-DRESSED 87RB
In this section, we describe the experimental procedure
to achieve decoherence-free pairs of dressed Zeeman sub-
levels with an ultra-cold cloud of 87Rb atoms. We focus
on the dependence of the microwave resonances with the
dressing configuration, which is here controlled by the
applied static magnetic field. The main components of
our experimental setup are a crossed red-detuned optical
trap, a pair of coils that define the quantization axis, and
three pairs of coils to produce static and RF magnetic
fields. For a detailed description we refer to Ref. [22].
We use trapped ultra-cold atoms so as not to be lim-
ited by the free-fall time of the cloud. Instead, our
background collisional lifetimes close to two minutes im-
pose no limit on detecting the target coherence times in
this work, e.g. τcoherence ≈ 100 ms. Furthermore, us-
ing an optical dipole trap, instead of a magnetic trap
[34], we can generate a state-independent trapping po-
tential and ensure that the applied RF and DC magnetic
fields are nearly homogeneous over the atomic sample.
All these features of our setup enable a clean interroga-
tion of the energy difference between RF-dressed states,
limited mainly by fluctuations of the dressing field am-
plitude and polarization.
In our system, the quantisation axis is defined by a ho-
mogeneous DC field driven by a pair of Helmholtz coils.
However, since we do not implement any magnetic com-
pensation or shielding, both the Earth’s magnetic field
and fields generated by the equipment nearby, contribute
to the total static field. We determine this offset field,
BoffsetDC by measuring the resonant frequency of transi-
tions between bare states with a known applied DC field,
and fitting the Breit-Rabi formula. These measurements
are done in between the experimental runs that regis-
ter the dressed spectrum (for details see [42]), and we
find an offset field with BoffsetDC,z = (−0.252± 0.014) G and
a component in the x-y plane of magnitude BoffsetDC,⊥ =
(0.264 ± 0.012) G. This field adds to the one produced
by the Helmholtz coils to define total magnetic field
BDC = B
H
DC + B
offset
DC . We denote its magnitude by
BDC .
A. Preparation of the atomic cloud
Our initial sample is a cold cloud of 87Rb prepared in
the bare electronic ground state |F = 1,m = −1〉 (in
4Fig. 1(a)) via the methods described in detail in Ref.
[22]. This cloud is evaporated in a hybrid crossed dipole
trap plus a quadrupole (with the gradient α = 10 G/cm)
until reaching a temperature of 100 nK with a typical
population of n = 2×105 atoms in the bare state |1,−1〉.
A bias field in the vertical direction BHDC ≈ 1.2 G, pro-
duced by a pair of Helmholtz coils, is present at this point
too. The dipole trap has been tuned at α = 2 G/cm so
that the trapping frequencies are ωρ/2pi ≈ 180 Hz and
ωaxial/2pi ≈ 30 Hz. We subsequently switch off the cur-
rent to the quadrupole coils, leaving a residual magnetic
quadrupole field with a maximal measured field-gradient
of α < 0.05 G/cm.
In the next step, the atoms are dressed through the
procedure sketched in Fig. 1(b): the current in the
pair of Helmholtz coils is ramped up to increase the ap-
plied static field from BHDC = 0zˆ G to B
H
DC = 5zˆ G in
∆t = 200 ms. Then a linearly polarised RF-field in the
x direction with angular frequency ωRF/2pi ≈ 2.3 MHz
and Rabi coupling
√
2|Ω±RF|/2pi ≈ 350 kHz is switched
on, followed by an adiabatic linear ramp (of duration
∆t = 0.4 s) from BHDC = 5zˆ G to B
H
DC = 3zˆ G. Then, the
magnitude of the Helmholtz field, BHDC, is increased to a
final value so that the total field BDC is within the range
[3.1, 3.3] G. Finally we probe the RF-dressed atom with
a MW pulse and take quasi-simultaneous independent
absorption images of the F = 1 and F = 2 manifolds,
shortly after switching off the dipole trap that holds the
cloud [42]. We will refer to the number of atoms mea-
sured in F = 2 (F = 1) as n2 (n1), and the fraction of
atoms in F = 2 as f2 = n2/(n1 + n2).
B. Protected transitions with ultra-cold
RF-dressed atoms
After preparing the atomic cloud in the dressed state
|1, m¯ = −1〉, we fix the dressing frequency ω±RF/2pi =
2.263410 MHz and Rabi couplings
√
2|Ω±RF|/2pi ≈
350 kHz. Then we determine the resonant frequency of
three transitions in the vicinity of the zero field hyperfine
splitting [22] as functions of the applied static field BHDC.
For each value of the total static magnetic field, BDC,
we extract the resonant transition frequency after fitting
Lorentzian curves to measurements of the transferred
atomic state population following a short microwave
pulse and scanning the microwave frequency. The tran-
sitions investigated have the final states |2, m¯ = 1〉 (at
ωMW ≈ ωhfs), |2, m¯ = 2〉 (at ωMW ≈ ωhfs +
√
2|Ω+RF|) and
|2, 0〉 (at ωMW ≈ ωhfs−
√
2|Ω+RF|), and the corresponding
resonant frequencies can be estimated from Eq. (9). Re-
sults of these measurements are shown in Fig. 2. When
sampling the total field BDC near the resonant condition
of the RF field with the Larmor frequency, we observed
a linear dependence of the resonant transition frequency
to the state |2, m¯ = 1〉, and a quadratic dependence for
the transitions to |2, m¯ = 2〉 and |2, m¯ = 0〉, which is
in qualitative agreement with Eqs. (5)-(9) after taking
x
y
z
FIG. 1. (a) Schematic of the energy level diagram that indi-
cates available microwave transitions from the initial dressed
state |1, m¯F = −1〉 state to the upper F = 2 manifold dressed
sub-levels. The solid (dashed) arrow lines indicate allowed
(non-allowed) transitions for the field configuration shown in
the inset. Both the MW and the DC field point in the z direc-
tion (purple and green lines, respectively). The RF-field is lin-
early polarised along the x direction. (b) Schematic of the ex-
perimental sequence. The red dotted line tracks the DC-field,
the dashed blue line tracks the RF frequency and the pur-
ple dashed line tracks the RF-amplitude, represented by the
Rabi frequency. All curves are shown in frequency units. The
greyed-out areas represent the MW pulse (green) and imaging
(blue). The shaded yellow are represents the adiabatic dress-
ing of the atoms. The ramp times of BDC, νRF = ωRF/(2pi)
and ΩRF are those described in Sec. III. The extent of the
“MW on” and “Imaging” greyed-out areas does not represent
a real duration.
into account the difference between Lande´ factors of the
two hyperfine manifolds. Even though we represented
the transition to the |2, 1〉 state as non-allowed in Fig.1,
this occurs only in the idealised case where all fields are
aligned as the inset of this figure indicates, see Ref. [22].
We also observe that the transition lines from the
dressed state |1, m¯ = −1〉 to |2, m¯ = 0〉 and |2, m¯ = 2〉
narrow down to a linewidth of only ∆ν ≈ 110 Hz (for a
MW pulse duration of ∆t = 10 ms) when the static field
is adjusted to the extrema of the quadratic line-shifts,
even without using active stabilization of BDC or mag-
netic shielding.
In Fig. 3 we show the line-shape of the transition
|1, m¯ = −1〉 → |2, m¯ = 2〉 for three particular total fields
BDC = 3.197 G, 3.216 G and 3.247 G. This figure shows
5-0.382
-0.378
-0.374
-0.370
 3.1  3.15  3.2  3.25  3.3
BDC (G)
|1,-1 〉 ↔ |2,0〉
(c)
 0.373
 0.377
 0.381
 0.385
|1,-1 〉 ↔ |2,2〉
(a)
-0.002
 0
 0.002
 0.004
(ω
M
W
 
−
 
ω
h
fs
 )
/(
2
pi
) (
M
H
z
)
|1,-1 〉 ↔ |2,1〉
(b)
FIG. 2. Detuning of the resonant frequencies of the tran-
sitions between the dressed states (a) |1,−1〉 → |2, 2〉 (b)
|1,−1〉 → |2,−1〉 (c) |1,−1〉 → |2, 0〉, as functions of the
applied static magnetic field. The symbols correspond to ex-
perimental values obtained from spectral signals. The solid
lines are fits to our model, in Sec. II, which takes into account
non-linear Zeeman shifts and beyond RWA effects. The long-
dashed (short-dashed) lines are fits to a model considering
the RWA and non-linear (linear) Zeeman shifts. The ampli-
tude of the RF field is the only free parameter of our models
since we measure the total static magnetic field. For the full
model (long-dashed) we obtained B+RF = (1.07 ± 0.09) G,
while for for the solid lined B+RF = (1.08 ± 0.09) G, with
B
sgn(gF )
RF =
√
2|Ωsgm(gF )RF /(µBgF )| The short-dashed line is
evaluated using B+RF = 1.075 G and the measured DC mag-
netic field.
the fraction of atoms transferred to the F = 2 manifold
as a function of the applied microwave frequency, in the
vicinity of the hyperfine splitting frequency, ωhfs. The
most striking feature of these measurements is the nar-
rowing of the line-shape as the static field approaches
the turning point of the quadratic line-shift in Fig. 2(a),
where the transition becomes protected against fluctua-
tions of the DC field.
Our data in Fig. 2(b) shows that the transition to
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FIG. 3. Experimental demonstration of line narrowing in the
dressed RF system. The measurements (dots) of the transi-
tion |1, m¯ = −1〉 → |2, m¯ = 2〉 for three different total fields
BDC: 3.195 G (red), 3.247 G (blue) and 3.216 G (black).
This last value corresponds to the minimum of the parabola
in Fig. 2(a). In all cases the MW pulse duration is ∆t = 10 ms.
The horizontal axis is the detuning ∆ω0 = ωMW − ω0 with
respect to the minimum of the parabola, which we have la-
beled ω0. The vertical axis shows the fraction of measured
population in F = 2, that we defined as f2 in III A. The
lines are fits to Lorentzian curves for the three total mag-
netic fields: BDC = 3.195 G (dashed, red), BDC = 3.247 G
(dotted, blue) and BDC = 3.216 G (solid, black). One can
see that the randomness of the transition increases as one
interrogates further away from the condition tha minimize
the parabola in Fig. 2(a). This is due to the higher sensitiv-
ity to DC magnetic field fluctuations. The fitted Lorentzian
linewidths are: ∆ν = (132 ± 13) Hz, ∆ν = (347 ± 54) Hz
and ∆ν = (427± 189) Hz for the black, red, and blue curves,
respectively.
|2, m¯ = 1〉 presents a remarkably different behaviour
compared to the other two. In this case, the resonant
frequency presents a linear dependence with the static
field in the vicinity of the single MW photon transition
(i.e. with n = 0 in Eq. (9)), preventing us from find-
ing a condition to null the DC field sensitivity of this
transition. However, as shown in Fig. 4(a), the resonant
frequency displays a turning point when the magnitude
of the DC field enables a two-photon transition, which
corresponds to the resonant condition with n = 1 in Eq.
(9) [22]. Under this condition, we consistently measured
coherence times > 50 ms in a Ramsey type experiment
in the crossed-dipole trap, which quickly shortens when
setting the DC field away from the turning point [43].
Figures 4(a)-(b) illustrate the behaviour of the tran-
sition |1, m¯ = −1〉 → |2, m¯ = 1〉 far from the resonant
point of the RF frequency with the Larmor frequency
and with atoms trapped in a crossed-dipole potential, as
before. The panel (a) of Fig. 4 shows the dependence
with the static field of the detuning of the resonant fre-
quency defined as δMW = (ωMW−ωhfs−ωRF)/2pi, where
ωhfs is the hyperfine splitting frequency and ωRF/2pi =
2.27 MHz. The black dots correspond to the center of
the Lorentzian fits in Fig. 4, and the black dotted line
6FIG. 4. Line-shift and Ramsey fringes observed in 87Rb
dressed with the Rabi frequency ΩRF/2pi = 300 KHz and
the RF frequency ωRF/2pi = 2.27 MHz, as functions of
the static magnetic field. (a) Shows the line-shift for the
|1, m¯ = −1〉 → |2, m¯ = 1〉 transition. We observe a second
weaker peak in the range of the static field explored (see Ap-
pendix B). Inset: shows a typical spectral signal with two
Lorentzian peaks matched to data in the main panel. (b)
Shows Ramsey fringes of the atomic population of the upper
hyperfine manifold, nF=2, when BDC = 2.87 G (red line) and
BDC = 2.56 G (blue line). The vertical dashed and dotted
lines in (a) indicate the values of the magnetic fields used to
obtain the Ramsey fringes in (b). Also in (b), the red dots
with errors bars are RMS values and standard deviations, re-
spectively, obtained from 5 repetitions per point. Red and
blue dots without error bars are single measurements of the
total number of atoms in the F = 2 manifold, n2. To highlight
the contrast between the noise-sensitive (red dots) and the
protected (blue data) dressing configurations, we only show
the first 65 ms of a longer experimental run (not shown). Con-
sidering Ramsey fringes modelled with exponential decay, the
protected configuration (blue dots) displays a dephasing time
of τ = 17 ms while the noise-sensitive case shows a dephasing
time of τ = 1.65 ms.
is included as a guide to the eye. We also observe the
intermittent appearance of a second, weaker peak (see
Appendix B) marked by grey squares and a dashed line.
This feature comes from transitions from the bare state
|1, 1〉, which becomes populated by non-adiabatic effects
when sweeping the applied DC field [44]. In the same
panel, the vertical dashed line (blue) indicates the turn-
ing point of the curve, where ∂δMW/∂BBC = 0, and the
vertical dotted line (red) points to a static field with a
comparatively large gradient of δMW.
Fig. 4(b) shows two sets of data in a Ramsey-type ex-
periment. The blue set of data is taken at the turn-
ing point of the inverted parabola in panel (a), cor-
responding to BDC = 2.56 G. The red set of data is
taken with BDC = 2.87 G, i.e. where the vertical red
dotted line indicates in (a). For these experiments, we
detune the driving MW pulse from each transition by
δνR = νMW − ν0 -where ν0 is the transition frequency,
and νMW is the MW frequency- and then drive the tran-
sition off-resonantly with two MW pulses separated by
τRamsey. We then scan τRamsey and observe the free tem-
poral evolution of the population in the upper dressed
state |2, 1〉. In both cases we fit the atom number
to f2 = (n2/2)
[
1 + e−
t2σ2
2 cos (2pitδR)
]
, where σ is the
standard deviation of a Gaussian-shaped noise profile as-
sociated with the two-level system defined by the states
|1, m¯ = −1〉 and |2, m¯ = 1〉. The fit to the blue set of
data gives δR = 216 ± 2 Hz and σ = 79 ± 8 Hz, whereas
the fit to the red set of data gives δR = 1972 ± 35 Hz
and σ = 883 ± 112 Hz. The MW pulse detuning in the
red (blue) set of data was chosen to be δR = 2000 Hz
(δR = 200 Hz), which agrees with the fit estimate. The
difference in dephasing rates of the two Ramsey oscilla-
tions is a result of the distinct DC-field noise sensitiv-
ity of the dressed transitions (quantified by the gradient
∂δMW/∂BBC,z) at the chosen static fields on Fig. 4(a).
The different amplitude of the oscillations is due to the
relative shift of the driving field detuning with respect to
resonant driving, which in the case of the red curve it is
as much as 2 kHz.
In both cases, the fluctuations of the RF-field still shift
the transitions and contribute to the broadening of the
line-shape. For instance, in the transition |1, m¯ = −1〉 →
|2, m¯ = 1〉, we measured a line shift of 7 Hz per kHz of
Rabi frequency caused by the RF amplitude noise. It is
evident in any case that the DC-noise fluctuations re-
sult in a much larger dispersion of the measurements
as the lines are further detuned from the extreme of
the parabola-shaped line-shift. This produces a better
Lorentzian fit for the black data set in Fig. 3, and worse
fits for the blue and red data sets. Both Fig. 3 and
Fig. 4(b) show that transitions between Zeeman sub-
states can be narrowed down in the RF-dressed regime
by choosing field parameters where the sensitivity to DC-
fields of the differential energy shifts become minimal,
although the optimal configuration depends on the pair
of states involved.
IV. SIMULTANEOUS DC PROTECTION OF
MULTIPLE DRESSED TRANSITIONS
The protection against DC-field fluctuations demon-
strated in the previous section (Sec. III) occurs at dif-
7ferent DC-fields for different transitions. In particular,
we observed how the dressing configuration can be ad-
justed to reduce strongly the sensitivity of the dressed
transitions |F = 1, m¯ = −1〉 → |F = 2, m¯ = 2〉 (see Fig.
3) and |F = 1, m¯ = −1〉 → |F = 2, m¯ = 1〉 (see Fig. 4).
This configuration is possible thanks to the nearly identi-
cal dependence of the dressed energies involved with the
applied static field. These dependencies result in a con-
dition where, to first order, variations of the static field
do not affect the transition angular frequency:
∂ωm¯′,m¯
∂BDC
∣∣∣∣
B0DC
= 0. (12)
at a particular value of the static field, B0DC. In this sec-
tion, we propose to use a combination of two RF fields
to manipulate the dressed energy of the hyperfine man-
ifolds F = 1 and F = 2 independently of each other,
and investigate how this scheme can be used to reduce
the DC-magnetic field sensitivity of several transitions at
the same value of the static field.
Considering only the RWA, the upper and lower hy-
perfine manifolds are dressed independently by different
circular component of the RF dressing field. Also, as-
suming that a static magnetic field of amplitude B0DC
produces a linear Zeeman shift, we find that all transi-
tions between dressed states become protected when the
frequency of each polar component is set according to:
~ωsgn(gF+1)RF = µB|gF+1|B0DC (13)
~ωsgn(gF )RF = µB|gF |B0DC (14)
i.e., the resonant dressing of each hyperfine manifold en-
sures that Eq. (12) is satisfied exactly for all transitions.
Furthermore, the RWA also tells us that when the po-
lar components of the dressing field satisfy the condition:
B
sgn(gF+1)
RF
B
sgn(gF )
RF
=
m¯
m¯′
gF
gF+1
, (15)
with B
sgn(gF )
RF =
√
2|Ωsgn(±)RF /(µBgF )|, all transitions be-
tween states with the same sign of the magnetic moment
are also stable to second order:
∂2ωm¯′,m¯
∂B2DC
∣∣∣∣
B0DC
= 0 (16)
The mechanism behind the reduction of the sensitiv-
ity of multiple transitions is shown in Fig. 5, where we
plot the detuning of the resonant frequencies of all 15
possible transitions, δm¯′,m¯ = (ωm¯′,m¯ − ωhfs)/2pi, as func-
tions of the DC field. To see the effect, in Fig. 5(a),
we use B0DC = 6.0 G and B
+
RF = 0.12 G along with
Eqs. (13) - (15) for the frequencies and amplitudes of
the circular components of the RF field. In this case,
the resonant frequency of all transitions, δm¯′,m¯, display
one equilibrium point at our chosen value B0DC = 6.0 G
(i.e. ∂δm¯′,m¯/∂BDC|B0DC = 0, ∀{m¯
′, m¯}), which corre-
sponds to ensuring first order (i.e. linear) protection
against noise in the static field. In Fig. 5(b), we plot the
dressed energy calculated taking into account non-linear
Zeeman shifts and beyond RWA effect, using the method
outlined in Sec. II. In contrast to the previous case, now
the equilibrium points of δm¯′,m¯ occur at different values
of the static field, significantly distinct from BDC. We
conclude that, in general, the conditions Eqs. (13)-(15),
do not protect the states against fluctuations of the DC
field at the applied field BDC because of non-linear effects
breaking the regularity of the energy spectrum assumed
by our RWA model. Note, however, that with these con-
ditions all resonant conditions experience a similar, but
not identical, shift towards BDC ≈ 5.93 G.
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FIG. 5. Resonant frequencies of all hyperfine transitions in
RF dressed 87Rb, as functions of the static magnetic field.
An offset is applied to each resonant frequency to define a
simple vertical scale with a similar range for all cases. In
all panels, the dressing field configuration is given by Eqs.
(13) - (15), with B0DC = 6.0 G, m¯ = −m¯′ = 1 and the
B+RF = 0.12 G. The dressed energies are calculated using (a)
the RWA and (b) the dressing scheme in Eq. (7) with two
frequencies. Solid, dashed and short-dashed lines correspond
to transitions with the initial states |F = 1, m¯〉 = |1,−1〉,
|1, 0〉, |1, 1〉, respectively. The labels indicate the final states
as |F = 2, m¯′ = N − m¯〉. In panel (b), the non-linear Zeeman
shift and beyond RWA effects break the degeneracy of the
transitions observed in panel (a).
We quantify the average DC sensitivity of the dressed
atom using the root-mean-square (RMS) of the first
derivative of the 15 microwave transition frequencies with
respect to the static field:
〈αDC〉 = 1
2pi
√√√√ 1
15
1∑
m¯=−1
2∑
m¯′=−2
(
∂ωm¯′,m¯
∂BDC
)2
(17)
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FIG. 6. Average sensitivity 〈αDC〉 of the dressed atomic
transitions with respect to the static field (Eq. (17)), cal-
culated using the field configuration given by the RWA Eqs.
(13) -(15). Panel (a) shows 〈αDC〉 as a function of the ratio
B+RF/BDC for the DC fields 0.5 G (short-dashed, red), 1.70 G
(dashed, green), 3.08 G (dotted, blue), 4.28 G (dot-dashed,
cyan) and 6.0 G (solid, black). The inset shows the expanded
region of weak fields. Panel (b) shows 〈αDC〉 as a function of
the static field, BDC, for RF fields of amplitude 0.5 G (short-
dashed, red), 1.70 G (dashed, green), 3.08 G (dotted,blue),
4.28 G (dashed-dot, cyan) and 6.0 G (solid, black).
The dressed transition frequencies in Fig. 5(b) indicate
that the non-linear Zeeman shifts and beyond RWA ef-
fects frustrate the exact first order stability expected
when applying the RWA when we obtain 〈αDC〉 = 0.
Setting the dressing frequencies and amplitudes ac-
cording to Eqs. (13)-(14), we evaluated numerically
〈αDC〉 for a typical range of experimentally relevant pa-
rameters. Our numerical results, in Fig. 6, show that,
when using the conditions indicated by the RWA and for
sufficiently strong RF fields (e.g. B+RF > 0.08BDC), the
atomic sensitivity 〈αDC〉 depends linearly on the ampli-
tude of the RF field and is independent of the applied
static field. For weaker RF fields, 〈αDC〉 depends on the
static field since both beyond-RWA and non-linear Zee-
man effects become comparable.
The residual sensitivity observed in Fig. 6 can be re-
duced by adjusting the dressing frequencies to bring them
back into resonance after taking into account energy
shifts induced by the driving. Such energy shifts oc-
cur because, while each circular component of the RF
field dresses one hyperfine manifold, they also cause off-
resonant perturbations of the other one [27]. Using a
second order perturbative expansion of the RWA dressed
energy, these energy shifts translate into a correction of
the resonant condition given by (see Appendix C):
~∆ω`FRF =
1
2
|µBgFB−`FRF |2
µB|gF |BDC + ~ω−`FRF
(18)
with `F = sgn(gF ) and F = I ± 1/2.
With these arguments as a guide for our calculations,
we numerically optimise the combination of frequencies
that minimise 〈αDC〉, using field amplitudes at the ratio
given by Eq. (15). The fractional frequency shift with
respect to the conditions given by the RWA is shown in
Fig. 7, which is in qualitative agreement with Eqs. (18).
Note that, although the relative frequency shift is of order
∼ 10−3, this translates into an important correction in
absolute terms, typically corresponding to a shift of a few
kHz of the RF frequency.
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FIG. 7. Fractional correction of the frequencies required
to reduce the average atomic linear sensitivity with respect
to the static field: frequency of the σsgn(gF+1) (dashed) and
σsgn(gF ) (solid) polar components of the dressing fields. This
shift is independent of the applied static field.
When using the optimised frequencies, 〈αDC〉 is re-
duced by one order of magnitude and becomes weakly
dependent on the amplitude of the RF field (since we
compensate for their main contribution to the energy
shifts). It also becomes linearly dependent on the static
field, as shown in Fig. 8 [45].
The effect of using corrected RF frequencies is pre-
sented in Fig. 9, where we plot the 15 dressed transition
frequencies as functions of the static magnetic field. Note
that in this case the extrema of all curves ωm¯′,m¯ return
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FIG. 8. Average sensitivity 〈αDC〉 of the dressed atomic
transitions with respect to the static field (Eq. 17), calculated
using the field configuration optimised numerically. Panel (a)
shows 〈αDC〉 as a function of the ratio B+RF/BDC for the DC
fields 0.5 G (short-dashed, red), 1.70 G (dashed, green), 3.08 G
(dotted, blue), 4.28 G (dot-dashed, cyan) and 6.0 G (solid,
black). Panel (b) shows 〈αDC〉 as a function of the static
field, BDC, for RF fields of amplitude 0.5 G (short-dashed,
red), 1.70 G (dashed, green), 3.08 G (dotted, blue), 4.28 G
(dot-dashed, cyan) and 6.0 G (solid, black).
to the vicinity of BDC = 6.0G (compare with Figs. 5(a)
and (b)).
Finally, we illustrate quantitatively the improved sta-
bility enabled by the optimised bichromatic RF-dressing
using the fractional frequency fluctuation due to noise in
the DC field, defined by:
σm¯′,m¯ =
1
ωm¯′,m¯
∂ωm¯′,m¯
∂BDC
×∆BDC (19)
For concreteness, in Table I, we consider all transitions
between the state |1, m¯ = −1〉 to the five states of the up-
per hyperfine manifold, and perform this calculation for
four comparable field configurations: (A) bare atom (B)
monochromatic linearly polarised RF dressing with fre-
quency ωRF = µB|g2−g1|BDC/(2~) andBRF,x = 0.2BDC,
(C) bichromatic dressing with the dressing field given by
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FIG. 9. Detuning of the resonant frequencies of all hyperfine
transitions in RF dressed 87Rb, as functions of the static mag-
netic field. The field configuration is numerically optimised
to minimise the RMS of the linear sensitivity of all bichro-
matic dressed transitions (see text). In all cases B0DC = 6.0 G
and the B+RF = 0.12 G. Solid, dashed and short-dashed lines
correspond to transitions with the initial states |F = 1, m¯〉 =
|1,−1〉, |1, 0〉, |1, 1〉, respectively. The labels on the right hand
side indicate the final states as |F = 2, m¯′ = N − m¯〉.
the RWA, Eqs. (13)-(15) and using B+RF = 0.1BDC and
(D) optimised bichromatic driving with B+RF = 0.1BDC.
In all these cases, we consider DC fluctuations of ampli-
tude ∆BDC = 0.1 mG.
The best stability is obtained for the transition
|1,m = −1〉 → |2,m = 1〉 of the bare atom (A) at the
magic field BDC = 3.22 G. However, all dressing config-
urations considered provide a global improvement over
the fluctuations of two orders of magnitude for all tran-
sitions. In particular, the optimized bichromatic driving
configuration (D) defines all transitions with the same
level of protection.
Noise in the amplitude of the dressing field contributes
to the linewidth of the spectral lines of transitions be-
10
BDC FS A B C D
|2,−2〉 2.7× 10−7 5.0× 10−9 6.8× 10−9 3.3× 10−11
|2,−1〉 1.8× 10−7 4.5× 10−9 4.5× 10−9 4.6× 10−11
0.5 |2, 0〉 9.2× 10−8 4.0× 10−9 2.2× 10−9 6.6× 10−11
|2, 1〉 3.1× 10−10 3.6× 10−9 2.0× 10−11 6.6× 10−11
|2, 2〉 9.1× 10−8 3.2× 10−9 2.2× 10−9 2.3× 10−11
|2,−2〉 2.7× 10−7 4.8× 10−9 6.7× 10−9 1.9× 10−10
|2,−1〉 1.8× 10−7 4.2× 10−9 4.2× 10−9 3.5× 10−10
3.2 |2, 0〉 9.1× 10−8 3.7× 10−9 1.8× 10−9 4.2× 10−10
|2, 1〉 4.0× 10−12 3.3× 10−9 3.4× 10−10 3.7× 10−10
|2, 2〉 9.1× 10−8 3.0× 10−9 2.3× 10−9 1.7× 10−10
|2,−2〉 2.7× 10−7 4.7× 10−9 6.5× 10−9 4.0× 10−10
|2,−1〉 1.8× 10−7 3.8× 10−9 3.7× 10−9 7.9× 10−10
7.0 |2, 0〉 9.1× 10−8 3.2× 10−9 1.3× 10−9 9.2× 10−10
|2, 1〉 4.2× 10−10 2.9× 10−9 7.8× 10−10 7.9× 10−10
|2, 2〉 9.1× 10−8 2.8× 10−9 2.5× 10−9 3.8× 10−10
TABLE I. Comparison of the fractional frequency fluctu-
ations (∆ωm¯′,m¯/ωm¯′,m¯) for the transitions from the state
|1,−1〉 to all final states (FS) of the F = 2 manifold of Zee-
man sub-levels (see Eq. (19)). The transition frequencies and
sensitivities are calculated for transitions between (A) bare
states, (B) monochromatic RF dressed states, and bichro-
matic RF dressed states with ω±RF (C) given by the RWA (Eqs.
(13)-(14)) and (D) corrected to minimise 〈αDC〉, as shown in
Fig. 7. In all cases, the field fluctuations are ∆B = 0.1 mG.
In (B) the dressing fiield is BRF = 0.2BDC, while in (C) and
(D) we use B+RF = 0.1BDC. In (D), ∆ω
`
RF/ω
`
RF = 2.46×10−3
and 2.50× 10−3, for ` = + and −, respectively.
tween dressed states. Temporal variations of each polar
component of the RF field affect the transition frequen-
cies by modifying the dressed energy of the manifold it
dresses and induce corrections to the perturbative energy
shift of the other hyperfine manifold. We use the RMS
variation of the transition frequencies (ωm¯,m¯′/(2pi)) with
respect to each polar component to quantify these effects
in Appendix C. The average first-order sensitivity of the
transition frequencies are of order ≈ 102 Hz mG−1; much
larger than the residual DC sensitivity 〈αDC〉 . 10 Hz
mG−1 achieved by tuning the frequencies of each polar
component of the RF field. Thus, the improved stabil-
ity of the bichromatic dressing scheme becomes useful
when there is equally good stability of the RF source.
The bi-chromatic dressing configuration has been demon-
strated in [34] for the case of atoms trapped in a mag-
netic quadrupole field. The two circular components can
be produced by using two pairs of Helmholtz coils that
point along the x and y directions, respectively. Each
pair of coils is driven with an RF-signal that contains
both frequencies, with the appropriate phases (for de-
tails, see [34]).
V. CONCLUSIONS
Using an ultra-cold atomic cloud of 87Rb in an
optical dipole trap, we showed characteristic fea-
tures of transitions between RF dressed states of
the ground state hyperfine manifolds. First, consid-
ering the trio of transitions between dressed states
|1, m¯ = −1〉 → {|2, m¯ = 0〉 , |2, m¯ = 1〉 , |2, m¯ = 2〉}, we
observe a quadratic dependence of their transition fre-
quencies as functions of total magnetic field BDC, with a
significantly weaker curvature when ∆m¯ = 0. We found
that our measurements can be explained quantitatively
only after taking into account non-linear Zeeman shifts
and beyond-RWA effects. However, a good qualitative
description of the observed quadratic differential energy
shifts can be obtained using well-known expressions for
the dressed energies valid in the regimes of linear Zeeman
shift and RWA.
We also study the coherence and linewidth of the
transitions between RF-dressed states |1, m¯ = −1〉 →
|2, m¯ = 1〉 and |1, m¯ = −1〉 → |2, m¯ = 2〉, as functions
of the applied static field. We observe a significant
increase in the decay time of Ramsey-type fringes for
the transition |1, m¯ = −1〉 → |2, m¯ = 1〉 at a particular
“magic” point. Following the same method, we observed
a significant reduction of the linewidth of the transition
|1, m¯ = −1〉 → |2, m¯ = 2〉, reaching fluctuations of the
order ∆ν/ν ≈ 10−8. These experimental results demon-
strate how monochromatic RF dressing can be tuned to
produce pairs of selected transitions protected against
DC-field noise. To further reduce the transition linewidth
to the order of Hz with this scheme, the fluctuations of
the amplitude of the RF fields need to be stabilised at
the level of order 10µG. Recent reports using one [22],
two [34], three [46] and four [47] RF-frequency dressing
components also find this to be a limiting factor, and
indicate that active control of the RF-field amplitude is
therefore necessary [43].
Furthermore, we propose a bi-chromatic RF-dressing
configuration to reduce the global sensitivity of the
dressed atom to noise in the static field. We demon-
strate that by independently tuning the frequencies of
the two circular components of the RF field, it is pos-
sible to reduce the average linear DC sensitivity to
the level of Hz mG−1. This dressing scheme enables
the protection at arbitrary DC-magnetic fields of up to
(2F + 1)× (2F ′ + 1) = 15 atomic microwave transitions
in RF-dressed 87Rb, only limited by the noise in the RF
generator. Also, this bichromatic dressing configuration
can stabilise more than just one single atomic transition,
which is useful to define stable qdits with d > 2. Such
systems present advantages for applications in quantum
metrology [48] and enhanced fault-tolerance for quantum
information [32, 33]. In addition, since the energies of
the dressed states can be tuned precisely, these dressed
states are attractive also for applications in quantum sim-
ulations [49] and for hybrid quantum systems that in-
clude devices operating in the RF/MW regime (e.g. su-
perconducting resonators, NV centres and trapped ions).
Further research will be directed to determine multi-
parametric magic configurations in the regime of strong
RF-dressing, where multi-level atomic transitions can be
made less sensitive to noise in DC and AC fields.
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Appendix A: Dressed states in the Rotating Wave
Approximation
In the main text, Eq. (4) defines the unitary transfor-
mation, UF , between the bare and dressed basis as:
〈F,m ∣∣F¯ , m¯〉 = ∑
n
einωRFtUnF,m;F¯ ,m¯ (A1)
The Fourier coefficients of this expansion are deter-
mined by the Schro¨dinger equation and the condition Eq.
(3), which translates into:
U†F (t) [H(t)− i~∂t]UF (t) =
∑
F¯ ,m¯
E¯F¯ ,m¯
∣∣F¯ , m¯〉 〈F¯ , m¯∣∣
(A2)
This last expression gives us a straightforward physical
interpretation of the dressed basis: the dressed states are
the eigenenergy states observed in a frame of reference
where the Hamiltonian is time-independent. This con-
cept is commonly used in quantum physics in the figure
of Rotating (or Resonant) Wave Approximation (RWA),
where, after moving to a rotating frame of reference
the time-dependence of the Hamiltonian either cancels
completely or can be neglected following perturbative
arguments [40].
In the present case, we consider oscillating fields with
a frequency comparable to the Zeeman splitting induced
by a static magnetic field, but much smaller than the
hyperfine splitting (~ωRF ≈ µBgFBDC  ∆EHyperfine).
Under these conditions, we can neglect the inter-manifold
coupling and apply the RWA within each hyperfine man-
ifold, where the transformation to the dressed basis can
be written as a combination of rotations in the space of
angular momentum [22]:
UF (t) = e
iθyFye
−i gF|gF |ωRFtFz (A3)
with
tan(θy) =
√
2|Ωsgn(gF )RF |
ω0 − ωRF (A4)
where ~ω0 = |µBgFBDC| defines the Larmor frequency
and the Rabi frequency |Ωsgn(gF )RF | is defined in Eq. (6).
The corresponding dressed energies are:
E¯F,m¯ = EF + sgn(gF )m¯
√
(~ω0 − ~ωRF)2 + 2|~Ωsgn(gF )RF |2
(A5)
where EF = A (F (F + 1)− I(I + 1)− J(J + 1)) /2 is
the hyperfine splitting. This dressed energy leads to the
dependence of the resonant condition with respect to the
field configuration:
ωMW = nωRF +
(I + 1/2)A
~
+
gF+1
|gF+1|m¯
′√2|Ω+RF| −
gF
|gF |m¯
√
2|Ω−RF|
+
(
gF+1
|gF+1|
m¯′
|Ω+RF|
− gF|gF |
m¯
|Ω−RF|
)
ω2RF
23/2
−
(
m¯′gF+1
|Ω+RF|
− m¯gF|Ω−RF|
)
ωRF
µBBDC√
2~
+
1
23/2
[
gF+1
|gF+1|
m¯′g2F+1
|Ω+RF|
− gF|gF |
m¯g2F
|Ω−RF|
](
µBBDC
~
)2
(A6)
which is valid for inter-manifold transitions,|F, m¯〉 →
|F + 1, m¯′〉 and in the vicinity of the condition of res-
onant RF dressing, µB|gFBDC| ≈ ~ωRF.
This formulation can be easily extended to situations
with polychromatic driving. The time-evolution operator
should be then expressed as a multidimensional Fourier
series with as many dimensions as the number of applied
fields with incommensurately frequencies. More explic-
itly, the dressed state defined in Eq. (A1) becomes:
〈F,m ∣∣F¯ , m¯〉 = ∑
~n
ei~n~ωtU~nF,m;F¯ ,m¯ (A7)
with ~ω = (ω1, ω2, . . .) as the vector formed with all the
applied frequencies and ~n a vector with integer compo-
nents. After plugging this Ansatz in the Schro¨dinger
equation Eq. (A2) we obtain a standard eigen problem
defining the coefficients U~n
F,m;F¯ ,m¯
and generalized dressed
energies E¯F¯ ,m¯.
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Appendix B: Microwave spectroscopy of the dressed
transition |1,−1〉 → |2, 1〉 near the two-photon
condition
We measured the line-shift of the transition |1, m¯ =
−1〉 → |2, m¯ = 1〉 in Fig. 4(a). We intermittently ob-
served a second weaker peak, with some examples in
Fig. 10. Here, we interrogate the first group of transi-
tions, i.e. those with N = 1, following Eq. (9), with
ωRF/2pi = 2.27 MHz. A qualitative analysis indicates
that the each peak is produced by atoms in different
dressed states, with the intensity of each corresponding
to their population. This second resonance indicates that
some atoms do not follow adiabatically our dressing se-
quence [44].
FIG. 10. Spectra for selected values of DC field in Fig. 4(a).
From top to bottom, BDC = 2.63 G, 2.66 G, 2.69 G, 2.72 G
and 2.75 G. The Rabi frequency is ΩRF/2pi kHz and the RF
frequency is ωRF/2pi = 2.27 MHz. We observe the appearance
of a second, usually weaker transition in some cases. Just like
in the rest of the text, n2 is the atom number measured with
absorption imaging in F = 2. Each point corresponds to
one measurement. We fit Lorentzian curves for each observed
peak. We observe the intermittent appearance of a second,
weaker peak. We attribute this second peak to transitions
from atoms that did not follow adiabatically our dressing se-
quence.
Appendix C: Off-resonant corrections to the RWA
and linear sensitivity of the bichromatic driven atom
to RF amplitude noise
The susceptibility of the dressed transitions with re-
spect to variations of the dressing parameters can be cal-
culated correcting the RWA dressed energy by including
perturbative shifts of the Zeeman states:
E¯F,m¯ = EF +
gF
|gF |m¯×√
(µB|gF |BDC − ~ωF + ~∆F )2 + 2~|Ωsgn(gF )RF |2
with EF = A(F (F+1)−I(I+1)−J(J+1))/2 and where
∆F has contributions from the fields which are counter-
rotating in the dressed frame of reference. The total shift
can be approximated by:
~∆F =
1
2
gF
|gF |
|µBgF (B−sgn(gF )RF + ∆Bsgn(gF )RF )|2
µB|gF |BDC + ~ω0 (C1)
where ω0 = (ω+ + ω−)/2 and ∆B`RF is the counter-
rotating component of the field oscillating at frequency
ω`.
Another important contribution to the broadening of
the transition lines is their instability with respect to
variations in the amplitude of the dressing fields. In this
case, we can distinguish four contributions emerging from
the decomposition of the variations of each dressing fre-
quency into σ+ and σ− polarisations. To evaluate the
effects of fluctuations of the RF field, we split the noise
of each polar component of the RF field into co-rotating
and counter-rotating contributions:
B`RF = B
`
RF,0 + δB
`
RF,` + δB
`
RF,−` (C2)
where ` ∈ +,−, B`RF,0 is the RMS value of the field,
and δB`RF,(−)` is the component of the fluctuation co-
rotating (counter-rotating) with the σ` (σ−`) component
of the RF field. As in Sec. IV, we quantify these effects
by defining average linear sensitivities,
〈
α`RF,m
〉
for each
component of the (m ∈ {+,−}) of the two dressing fields
` ∈ {+,−}:
〈
αmRF,`
〉
=
√√√√ 1
15
1∑
m=−1
2∑
m′=−2
(
∂ωm¯,m¯′
∂δB`RF,m
)2
(C3)
In Fig. 11 we show the atomic sensitivity associated
with the co-rotating noisy components of the dressing
fields (m = `), when using the optimised frequency con-
figuration. The co-rotating noise modifies the amplitude
of the dressing field, leading to a sensitivity that weakly
depends on the static field.
Another effect due to noise of the dressing field comes
from the counter-rotating noisy component, which causes
off-resonant energy shifts similar to the ones described
before in Eq (C1), but this time oscillating at the same
frequency of the corresponding dressing component. In
Fig. 12 we show the a RMS linear susceptibility of all
transitions,
〈
α`RF,−`
〉
, induced by counter-rotating vari-
ations of the dressing fields, using the frequency configu-
ration that minimise the sensitivity to static fields.
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FIG. 11. RMS susceptibility of the dressed transition fre-
quencies of 87Rb with respect to co-rotating variations of the
(a) σ+ and (b) σ− dressing fields as functions of the dressing
field amplitude. The static field are 0.5 G (dashed line), 1.5 G
(long-dashed line), 3.0 G (dotted line), 4.5 G(dashed-dotted
line) and 6.0 G (solid line). For each dressing configuration,
we evaluate the optimal combination of σ± frequencies that
minimise 〈αDC〉 Eq. (17)
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FIG. 12. RMS linear sensitivity of the dressed transition fre-
quencies of 87Rb with respect to the counter-rotating polar
components (a) σ+ (b) σ− of the variations of the dressing
fields σ− (a) and σ+ (b). The scaled amplitudes of the dress-
ing fields are 0.02 BDC (dashed line), 0.03 BDC (long-dashed
line), 0.1 BDC (dotted line), 0.15 BDC (dashed-dotted line)
and 0.2 BDC (solid line). For each dressing configuration,
we evaluate the optimal combination of σ± frequencies that
minimise 〈αDC〉.
The scaling and order of magnitude of
〈
αmRF,`
〉
can be
obtained by calculating second order perturbative energy
shifts and applying the RWA (see Appendix B). Note that
the sensitivity to variations of the dressing fields is two
orders of magnitude larger than the sensitivity to vari-
ations of the static field with the optimised parameters
(compare with Fig. 8). To reduce the line broadening
of resonant transitions to the level of a few Hz, the fluc-
tuations of dressing RF fields should of order ≈ 10 µG,
which corresponds to a relative amplitude fluctuation of
the order 10−5 − 10−6.
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